INTRODUCTION
============

Phage display is a widely used method to select antibody fragments ([@b1]--[@b9]), peptides ([@b10]--[@b14]) and other scaffolds ([@b15]--[@b20]) from large libraries, as well as to increase the affinity of antibodies for their antigens ([@b21]--[@b24]) and other proteins for their receptors ([@b25]). Polypeptides are displayed as phage coat protein fusions and the corresponding gene is contained within the particle. It is usually mediated by the fusion of the displayed polypeptide to a coat protein, and encapsulating the gene encoding the fusion protein within the phage particle. This coupling of phenotype and genotype ensures that selection of the displayed protein simultaneously selects the encoding gene, allowing further selection rounds and the eventual isolation of a population highly enriched in phage displaying polypeptides of interest. Vectors based on filamentous Ff phage are the most popular, and of the five coat proteins, the gene 3 protein (g3p) is most commonly used for display.

There are two broad categories of vectors used for phage display: phage and phagemid. When proteins are displayed using phage vectors, which are not of the 33 or 88 kind, the bacteria produce phage particles that all display recombinant protein. The gene encoding the recombinant displayed protein is included in the phage genome and as a result the phage population produced by a single clone is phenotypically and genotypically homogenous, excluding the effects of proteolysis. In contrast, phagemid make recombinant displayed protein, but require the additional proteins provided by helper phage to create phage particles that display recombinant protein. Helper phage are essential for phagemid systems as they supply all the other proteins required to make functional phage. Helper phage ([@b26],[@b27]) are normal Ff phages with a number of modifications: they contain an additional origin of replication, they usually carry antibiotic resistance genes and their packaging signal is severely disabled.

When a bacterium is infected with helper phage, the disabled packaging signal does not prevent the production of phage particles. However, when a bacterium is infected with both phagemid and helper phage, the phagemid DNA (containing an optimal packaging signal) is packaged in preference. As a result, phagemid preparations are both phenotypically and genotypically heterogeneous ([Figure 1](#fig1){ref-type="fig"}): the display protein may be either wild type (derived from the helper phage) or recombinant (derived from the phagemid), and the packaged genome may be either phage or phagemid. In theory, the disabled packaging signal should significantly reduce the number of helper phage particles in any phagemid preparation. However, the number of helper phage can sometimes equal, or exceed, the number of phagemid particles, which can significantly compromise subsequent selections.

The different antibiotic resistance genes carried by the helper phage and phagemid genomes allows the selection of bacteria that contain both, resulting in the recovery of functional phagemid particles displaying the recombinant protein of interest.

Practically, phage and phagemid libraries have a number of differences. At the DNA level (preparing DNA, cloning, transfection efficiency) it is easier to work with phagemids than phage. As a result, phagemid libraries can be made far larger than phage libraries. It is also easier to produce soluble proteins using phagemids by the insertion of an amber stop codon between the displayed protein and g3p ([@b28]). Although soluble protein could theoretically be made in phage libraries using a similar genetic arrangement, the low copy number of the vector and the weakness of the g3p promoter and ribosome-binding site, results in levels of soluble protein that are too low for most practical purposes, requiring subsequent recloning into expression vectors ([@b29]). Another advantage of phagemids concerns the relative resistance to deletions of extraneous genetic material. Filamentous phage vectors, in general, have a tendency to delete unnecessary DNA, due to the selective growth advantage that a smaller phage genome has over a larger one. Phagemids suffer far less from such deletions and as a result are more genetically stable.

Phage libraries have considerable operational advantages. First, they do not require the use of helper phage for phage production. As a result, the additional technical procedures associated with helper phage infection, such as monitoring the absorbance of bacterial cultures, are omitted from protocols. To amplify phage libraries it is sufficient to grow bacteria containing phage genomes and phage particles are produced. This makes phage far easier to use in selections, particularly in high-throughput selections where antibodies are selected against up to 96 targets simultaneously ([@b30],[@b31]).

Second, each phage particle in a phage library displays up to five copies of the displayed protein (using a g3p display system), whereas only 1--10% of phage particles in a phagemid library display a single copy of the displayed protein ([@b32]). As a result, a greater number of binders in a library are recovered, and therefore antibodies tend to be more diverse. However, this is counterbalanced by a lower average affinity ([@b29]): phagemid display, by virtue of the display of single proteins, results in the selection of fewer unique binders, which tend to have higher affinities ([@b29]). For similar reasons, affinity maturation ([@b21]--[@b23]) can only be carried out using phagemid vectors.

Recently, a number of groups ([@b27],[@b33]--[@b38]) have developed alternative helper phage systems, compared in [Table 1](#tbl1){ref-type="table"}, designed to improve display in either of two ways: by increasing the display level, so that it resembles the display obtained with phage vectors ([@b27],[@b34]--[@b36]), or by reducing the background from non-displaying phage by rendering them non-infective ([@b37],[@b38]). However, none of these has been addressed the need for helper phage itself.

Initial experiments to increase display involved the creation of g3p deleted helper phage, packaged in bacterial strains expressing gene 3 in trans. These allowed higher display levels, but suffered from the problem that when the g3p was derived from plasmids, although not when integrated into the *Eschericia coli* chromosome ([@b35]), such plasmids could also be packaged at low levels ([@b27]). Helper phage titers also tend to be very low. More recently, conditional g3p deletions have been created by the introduction of suppressible stop codons in g3 ([@b34],[@b36]), allowing production of helper phage in suppressor strains, and the packaging of phagemids in non-suppressor strains, where the helper phage is unable to make its own g3p.

Two approaches have been used to reduce background, in both of which only phagemid particles containing the recombinant g3p are infectious. These involve either the deletion of the portions of g3p required for infection ([@b37]), or the incorporation of a trypsin site within the g3p of the helper phage, and using trypsin-treated phage for infection ([@b38]). Both of these systems result in a lower background during selection by eliminating those phagemid particles which contain only helper phage derived g3p.

Although these systems may overcome some of the disadvantages of helper phage, they do not avoid one of the main problems associated with the use of helper phage: the need to make helper phage and add it to growing bacterial cultures at relatively restricted phases of the growth cycle. In this paper we describe a series of constructs which eliminate the need for helper phage altogether, creating a system in which bacterial packaging cell lines replace the use of helper phage, making the generation of pure phagemid particles as straightforward as using a phage-based system. Furthermore, by using different packaging bacteria the phagemid particles produced are either monovalent or multivalent. The concept is illustrated in [Figure 1](#fig1){ref-type="fig"}.

MATERIALS AND METHODS
=====================

Cloning
-------

M13c was created by amplifying M13mp19 with two outward facing primers, M13 MluI (5′-ttgatgacgcgtcctattggttaaaaaatgagctg) and M13 MluI (3′-ttgatgacgcgtccgaaatcggcaaaatcc) using a high-fidelity proof reading polymerase which amplified the whole plasmid and put MluI sites at the junctions between M13 and lac Z. This large PCR product was digested with MluI and the chloramphenicol resistance gene from pBSL121 ([@b39]) cloned in after cutting with MluI. This produced an M13 phage which confers chloramphenicol resistance. M13cp was created by amplifying M13c with the two outwards primers, gene 4 3′ (ccacacctgcagcgcttaatgcgccgctacagggcgcgtact) and CATgene 5′ (tgatttctgcagacgcgtgtccgaatttctgccattcatcc). These primers amplify the whole plasmid without the M13 origin and place PstI sites at the ends. The p15a origin was amplified from pMPM-K3 ([@b39]) with 5′ P15 ori (taacgctgcagagaacatggcttcatgtgg) and 3′ P15 ori (actgttctgcagagcagacagttttattgttc). This yielded an 875 bp fragment containing the P15 origin of replication flanked by PstI sites which could be cloned into the large M13c PCR fragment using PstI. M13cp-CT was created by amplifying M13cp with two outward primers: g3sig 3′ (acaactttcggatccttcagcggagtgagaatag) and g3D3 5′ (ggtggctctggatccggtgattttgattatgaaaag). The resultant fragment was cleaved with BamHI and religated. These primers are located within g3, and after amplification, the leader of g3 is joined directly to the C-terminal 151 amino acids of g3p, which comprise the C-terminal domain. M13cp-dg3 was made similarly, using gene 6 5′ (ccatatgaattctctattgattgtgacaaaataaacttattcc) and gene 8 3′ (gaaaggaacaactaaaggaattccgaataataattttttcac) to amplify M13cp. These amplify the whole plasmid without gene 3, and can be ligated using EcoRI. However, the PCR product does include the terminator (T0.25) found at the end of gene 8 and the C-terminal portion of gene 3, which is thought to contain the p6 promoter. M13cp-sg3 was also made by amplifying the whole of M13cp using g3 stop BclIS (gaaagt [tga]{.ul} tca gca [taa]{.ul} ccc cat aca [tga]{.ul} aat tca ttt act aac gtc) and g3 stop BclAS (ttt tgc tga tca act ttc aac agt [tca]{.ul} agc gga gtg aga ata g), cutting with BclI and religating. This inserted four stop codons (underlined in the primers) in the first 32 codons of g3. The junctions of all constructs were confirmed by sequencing.

Phagemid production
-------------------

*Transformation* Single colonies were picked from each helper cell construct (M13cp, M13cp-CT, M13cp-dg3 and M13cp-sg3), made chemically competent and transformed with pDan5-scFv DNA. After growth on 2XTY-ampicillin-chloramphenicol agar plates, colonies from each transformation were picked and grown overnight in 2XTY-ampicillin-chloramphenicol media at 30°C at 250 r.p.m.

*Infection and direct growth* Bacteria infected as described above at an absorbance of OD~600~ of 0.5, were grown overnight at 30°C, 250 r.p.m., without retention on ice. DH5αF cells containing no helper plasmid were also infected with M13K07 helper phage for an additional 30 min at 37°C without shaking before dilution and overnight growth.

*Infection and growth from single colony* Single bacterial colonies obtained following a procedure similar to that described for titration above were picked and grown overnight in 2XTY-ampicillin-chloramphenicol at 30°C, 250 r.p.m.

For each phage production protocol, after overnight growth phagemids were collected from the supernatant by centrifugation (4000 r.p.m., 30 min), and the levels of phage production determined by titration in DH5αF cells plated on both 2XTY-ampicillin and 2XTY-chloramphenicol plates.

Determination of infectability
------------------------------

A single colony starter culture from DH5αF alone, or containing one of the four M13 helper plasmid constructs, was grown overnight at 37°C, 250 r.p.m., in 2XTY-chloramphenicol in the case of the helper plasmids and 2XTY alone for DH5αFT. The following day each culture was diluted and re-grown at 37°C, 250 r.p.m., to an absorbance OD~600~ of 0.5. As culture growth rates were variable, each culture was stored on ice after reaching OD~600~ 0.5, and for a further 30 min after all cultures had reached this absorbance. The samples were then returned to the 37°C incubator to warm for 30 min. Each sample was infected with D1.3 phagemid made from the M13cp transformation (and so genetically homogenous) at a multiplicity of infection of 1:1 and left to infect for 30 min at 37°C without shaking. Aliquots of infected bacteria were removed from each sample and titered to determine the ability of the bacteria to support phage infection.

ELISA
-----

Phage ELISAs were carried out essentially as described previously ([@b40]), with phage either used directly after growth (Figure 4), or purified by PEG precipitation, titered and then diluted to appropriate titers (Figure 5). Antigens were adsorbed to Nunc immunosorb microtiter plates (Nunc) overnight at 4°C in PBS at 1--10 μg/ml and blocked with 1% BSA/PBS. Phage were added in blocking buffer, incubated for 60--90 min, washed in PBS and PBS-T (PBS/0.1% Tween-20), incubated with horseradish peroxidase labeled anti-M13 phage monoclonal antibody (Pharmacia) for 60 min diluted in blocking buffer, washed in PBS and PBS-T, followed by treatment with 1-Step Turbo TMB-ELISA substrate (Pierce). The reaction was terminated with 1 N sulfuric acid, and read using absorbance at 405 nm.

Western blotting
----------------

PEG precipitated phage particles, corresponding to 500 μl of culture supernatant, were reduced with sample buffer \[7.5% β-mercaptoethanol, 75 mM Tris (pH 6.8), 2% SDS, 15% glycerol and 0.002% Bromophenol Blue\] and heat-treated at 100°C for 10 min. Phage proteins were resolved by SDS--PAGE (NuPAGE™ 4--12% Bis--Tris; Invitrogen), in MES buffer, against a protein standard. Separated proteins were then transferred to 0.2 μM nitrocellulose membrane (Protran BA83; Schleicher & Schuell Bioscience \#10401396) using the XCell II™ Blot Module (Invitrogen), according to the manufacturer\'s instructions. The membrane was blocked (1% Skim Milk Powder + 1% BSA in PBS) overnight at 4°C and subsequently probed with either Anti-SV5 mouse monoclonal or Anti-M13pIII mouse monoclonal antibody (1/1000 dilution; NEB \#E8033S). The membrane was washed (2 × 5 min) with PBS-T before the addition of secondary Anti-Mouse IgG-Alkaline Phosphatase (AP) conjugate (1/1000; Dakocytomation \#D0486). Following incubation, the membrane was washed once with PBS-T, PBS-LT (0.01% Tween-20) and PBS. Displayed proteins were detected following treatment with AP substrate (NBT/BCIP; Pierce \#34042).

RESULTS
=======

Plasmid design
--------------

In initial experiments we attempted to integrate portions of M13 into the *E.coli* genome by Tn5 transposition ([@b41]). However, although we could obtain clones that contained all the M13 protein-coding regions none was able to package phagemid DNA into phagemid particles. As an alternative, we turned to the use of plasmids (see Materials and Methods for construction details). These \'helper plasmids\' were all based on M13mp19 ([@b26]). In the starting construct, the M13 origin was removed and replaced with the p15a origin, which provides ∼15 copies per cell and allows it to co-exist with ColE1-based origins ([@b42]), including pUC derivatives such as our phage display vector, pDAN5 ([@b3]). Next, the polylinker and lac gene of M13mp19, located in the M13 intergenic region and known to be non-disruptive to M13 function ([@b43]), were replaced by the chloramphenicol resistance gene ([@b39]) to create M13cp. M13cp, which contains full-length g3p, was further modified to create three derivative plasmids with changes made only to g3p. The first modification created a truncated g3p construct (M13cp-CT) which removed the N-terminal two domains of g3p, leaving only the C-terminal phage assembly domain connected to the leader sequence. The following two constructs inactivated g3p, either by complete deletion (M13cp-dg3) or by the insertion of four non-suppressible stop codons within the first 32 codons of g3 (M13cp-sg3). The latter strategy was similar to that used to make Ex-phage ([@b36]) and Phaberge ([@b34]). The expected phenotype of the phagemid particles produced by these different helper plasmids is illustrated in [Figure 1](#fig1){ref-type="fig"}.

Phagemid particle production
----------------------------

A first experiment was carried out to determine whether these constructs were capable of transforming bacteria into filamentous phage packaging cell lines. DH5αF bacteria containing each of the helper plasmids were made competent and transformed with our standard phagemid display vector pDAN5-D1.3 ([@b3]). Each transformation was plated on agar media containing ampicillin and chloramphenicol. Following overnight growth single colonies were picked and further grown in liquid media containing ampicillin and chloramphenicol. [Figure 2](#fig2){ref-type="fig"} shows that helper plasmids were able to supply all the necessary phage proteins to produce phagemid particles carrying ampicillin resistance. M13cp gave ampicillin titers of 10^11−12^ ml^−1^, M13cp-CT and M13cp-dg3 gave titers ∼50--100-fold less, whereas M13cp-sg3 gave titers of only 10^6^ phagemid particles/ml. Given the very low titers obtained with M13cp-sg3, no further work regarding this construct is discussed. Phagemid particles produced in this experiment were also tested for their resistance to kanamycin (carried by standard helper phage, M13K07) and chloramphenicol (carried by the helper plasmids). We were unable to obtain colonies with resistance to either, indicating that the helper plasmids were unable to package themselves, and that the packaged phagemid particles were genetically homogenous. Furthermore, the titers obtained with M13cp were equal to those produced by standard helper phage (M13K07) infection ([Table 2](#tbl2){ref-type="table"}). The next set of experiments served two purposes. First, and most important, was to determine whether the presence of helper plasmids within bacteria reduced their ability to be infected (plating efficiency). This is important if selection outputs are to be infected directly into such cells. The second, was to determine whether after infection and plating bacteria containing helper plasmids could produce phagemid particles at levels similar to those derived from direct transformation. Genetically homogenous phagemid particles prepared using the M13cp helper plasmid were infected into DH5αF bacteria, or DH5αF bacteria containing each of the three helper plasmids (M13cp, M13cp-CT and M13cp-dg3). The results in [Figure 3A](#fig3){ref-type="fig"}, expressed as a percentage of the plating efficiency in DH5αF, show that although phagemid particles could infect DH5αF containing M13cp-CT or M13cp-dg3 at levels comparable to unmodified DH5αF under these experimental conditions, their ability to infect bacteria containing M13cp was reduced by at least 10-fold. The reduced plating efficiency, when M13cp is present, relative to DH5αF alone, could not be overcome by increasing the number of bacteria available for infection, modifying antibiotic concentrations, changing the OD at which infection occurred, or the temperature at which bacteria were grown after infection (data not shown). This suggests that the problem is not a reduction in the number of bacteria displaying pili and so competent for infection, but a failure of propagation within the bacteria after interaction with the pilus has occurred.

Bacterial colonies obtained after infection and plating were further grown in liquid media to determine the titer of the phagemid particles produced. [Figure 3B](#fig3){ref-type="fig"} shows that the relative order of phagemid particle production was consistent with the results obtained by transformation (M13cp\>M13cp-CT\>M13cp-dg3), although the phagemid particle titers produced by cells containing the helper plasmids were 10-fold higher.

Assessing display levels
------------------------

The final set of experiments were conducted to determine the display levels of phagemid particles produced by each helper plasmid, using phage enzyme-linked immunosorbent assay (ELISA) and western blot. The most stringent assessment of functional display is to carry out phage ELISAs, since only well displayed and correctly folded scFvs will give positive signals. In order to provide practical comparisons, phage ELISAs were carried out for three different scFvs using growth supernatants directly after growth in the three different packaging cells, without purification or concentration by PEG precipitation. This mimics the true experimental use of such a system in selection and screening. [Figure 4A](#fig4){ref-type="fig"} shows that M13cp-CT provides the highest ELISA signal in all cases. Although there was some variation, M13K07, M13cp and M13cp-dg3 all gave approximately similar signals.

In order to determine the relative display levels, pDAN5-D1.3 phagemid particles prepared using the different helper plasmids were also assessed in terms of the ELISA signals obtained at identical phage titers. The results in [Figure 4B](#fig4){ref-type="fig"} show that M13cp-CT produces by far the most functionally active phage at the lowest phage titer, followed by M13cp-dg3. To obtain ELISA signals comparable to M13cp-CT, ∼100-fold more M13K07-derived phagemid particles are required.

D1.3 phagemid particles were further examined by two western blots: the first using an anti-g3p antibody and the second using the SV5 anti-tag antibody ([@b44]). In these experiments phagemid were not normalized for titer, but culture volume, giving an indication of how much recombinant protein will be displayed under standard use, with the actual numbers of phagemids loaded indicated below ([Figure 5](#fig5){ref-type="fig"}). The SV5 antibody recognizes the tag placed between the displayed protein and g3p and will only recognize recombinant g3p from the display vector. This gives an assessment of the total amount of incorporated recombinant g3p (equivalent to the sum of the g3p+scFv and g3p bands derived from the proteolytic degradation of g3p+scFv) as well as that portion which is full length and displaying scFv (the g3p+scFv band). The results ([Figure 5](#fig5){ref-type="fig"}) show again that M13cp-CT gives the highest display level, as shown by the intensity of the g3p+scFv band, even though the number of phagemid particles loaded is 5-fold less than those produced using M13K07. Consistent with the ELISA results, M13cp-dg3 also gave good display, and full-length display was barely detectable with either M13cp or M13K07 packaged phagemid particles. The second western blot was carried out using an anti-g3p monoclonal (New England Biolabs) which recognizes the C-terminal portion of g3p. This will reveal the presence of all g3p, whether derived from phagemid or helper plasmid, including the truncated g3p (as a band of 19 kDa). This western shows that a large fraction of the g3p incorporated using M13cp-CT is derived from the recombinant phagemid g3p (compare the intensity of the g3p-CT fragment---derived from the helper plasmid---with that of the g3p and g3p+scFv bands). A slightly larger band was occasionally seen with M13cp-CT and M13cp-dg3 prepared phagemid ([Figure 5A](#fig5){ref-type="fig"}). Given the exquisite specificity of this antibody (the helper phage alone shows no bands), we believe this to be an scFv fragment containing an SV5 epitope. Although the amount of total recombinant phagemid g3p incorporated in M13cp-dg3, M13cp and M13K07 appears to be similar, functional display (g3p+scFv band) is only seen for M13cp-dg3. This suggests that proteolysis is greater in phagemid prepared using M13cp and M13K07.

DISCUSSION
==========

In this paper we describe a novel method to eliminate the use of helper phage from phagemid preparation, allowing the production of phagemid by simple bacterial growth. This has been carried out by the creation of bacterial packaging cell lines, containing helper plasmids, that are able to provide all the proteins required for phagemid packaging.

These helper plasmids are based on M13mp19, with the phage packaging signal/origin replaced by p15a, and the addition of a chloramphenicol resistance gene. The absence of packaging signals in these helper plasmids prevents their DNA from being packaged. This provides a number of significant advantages over the use of both standard ([@b26],[@b27]) and modified helper phages ([@b27],[@b33]--[@b37]). Perhaps most important is the purity of the phagemids produced: we have been unable to detect contamination of phagemids prepared using these helper plasmids with any helper phage genomes whatsoever. For phage display, this avoids the occasional problem of helper phage overgrowth, which can result in failed selections. For other applications, the genetic purity of the phagemid particles, combined with their extremely high titers, makes this a powerful method to transfer genetic material between bacteria. This is likely to be particularly useful in the generation of antibody diversity by recombination ([@b3],[@b45]), and in genetic selection protocols carried out in bacteria ([@b46]--[@b50]), in which it will be possible to replace library transfection by infection. As infection is far more efficient than transfection, this will be especially applicable to library-versus-library ([@b45],[@b51]) selection protocols, where increased efficiency of entry by infection will result in higher sampling of library diversity ([@b52]).

Although the helper plasmids were designed to lack the M13 packaging signal, the complete absence of packaging into phage particles is at first somewhat surprising, considering that many other plasmids, without M13 origins, do show low levels of packaging ([@b27]). This is usually attributed to the presence of cryptic packaging signals in plasmids which can be inefficiently recognized by the M13 packaging machinery. It is likely that evolution has selected against the presence of other putative packaging sequences in the M13 genome to ensure that only the correct single site is used, so guaranteeing correct orientation within the phage particle ([@b53]). As a result elimination provides no alternative signals in the phage, and it is clear that neither the p15a origin nor the added chloramphenicol resistance gene are able to provide alternative signals.

The helper plasmids differ in the form of g3 they contain; the g3p in M13cp is full length, that in M13cp-CT is truncated. M13cp-CT contains the portion of g3p responsible for phage assembly and release ([@b54],[@b55]), but lacks the domains involved in bacterial toxicity ([@b56],[@b57]), phage infection ([@b58]--[@b60]) and the inhibition of infection by bacteria carrying g3p ([@b27],[@b61],[@b62]). M13cp-dg3 contains no g3, by virtue of genetic deletion, and gave lower titers than M13cp or M13cp-CT, but ELISA and western signals intermediate between the two.

When phagemid are infected into bacteria containing M13cp the plating efficiencies obtained are consistently lower than those obtained in bacteria containing the other helper plasmids, or no plasmids at all. As this cannot be overcome by increa-sing the number of bacteria, the problem is not a reduction in infectivity (e.g. by a reduction in the number of bacteria displaying pili), as might be expected, but a failure of these phagemids to establish themselves within the bacteria (e.g. an inability to replicate). This could occur at a number of different levels, including sequestration of the TolA co-receptor by the helper plasmid g3p ([@b58],[@b60]), preventing productive phagemid particle entry into the bacteria, or a failure of phagemid DNA replication or survival after entry into the cytoplasm.

In phagemid particles packaged using M13cp most of the g3p appears to be derived from the helper plasmid, and very little from the display vector. As a result, low levels of monovalent display occur ([Figure 5](#fig5){ref-type="fig"}). However, in the case of phagemid particles made using M13cp-CT, a large proportion of the incorporated g3p in phagemid is derived from the display vector (compare the intensity of the g3p-CT fragment in [Figure 5B](#fig5){ref-type="fig"} with that of the g3p and g3p+scFv bands), and of this almost 50% is full length (compare g3p+scFv with g3p in the anti-g3p blot), leading to the very high multivalent display levels seen. This is also reflected in the ELISA results shown in [Figure 4B](#fig4){ref-type="fig"}: in order to mimic the signal obtained with phagemid particles produced using M13cp-CT, 100-fold more phagmid particles produced using M13K07 or M13cp are required. This suggests that there is a preference for the full-length g3p provided by the display vector over the truncated form provided by the helper plasmid during phage assembly. Although the C-terminal domain is known to be sufficient to allow phage assembly to occur ([@b63]), this result suggests that additional portions of g3p facilitate the process, leading to increased incorporation levels when full-length g3p is used.

M13cp and M13cp-CT stand out as being the most useful helper plasmids, each with potentially different applications. For phage display, it is likely that a selection approach combining both, in which phagemid packaged by M13cp-CT, providing multivalent display able to capture full diversity, is used in early rounds of selection, and M13cp, packaging monovalent phagemids, is used in later rounds to select higher affinity clones, will be the most useful. Given the lower plating efficiency of M13cp, it should only be used once selected phagemids are well represented (e.g. after the second round), in order to avoid loss of diversity.

M13cp could also be very useful for transferring genetic material between bacteria when maximum diversity must be maintained ([@b3],[@b45]), for making phagemid particles for other purposes, and also in phage display when display proteins other than p3 are used. Surprisingly, M13cp-dg3 does not appear to have any advantages over M13cp-CT, giving lower titers, and lower ELISA signals at similar titers, and at the moment it is difficult to find a use for this construct.

At a practical level, these helper plasmids are easier to use than helper phage-based systems. Bacteria containing the helper plasmid can be either infected or transformed with phagemid and then grown up in selective media without the need to further monitor bacterial OD. In fact, we have found that it is sufficient to add phagemid particles to a freshly diluted overnight culture of M13-cap-p15-CT bacteria and grow: bacteria become infected and phage production follows. Similarly, bacterial colonies can be scraped after overnight growth, and phagemid particles can be harvested from the supernatant after centrifugation. Although these helper plasmids will simplify the use of phage display under standard selection conditions, it is in high-throughput antibody selection projects ([@b31],[@b64]--[@b66]), where minimal oversight is desired, and it is impractical to closely monitor bacterial OD in order to add helper phage, that they will prove particularly useful.
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![The expected phage particle genotypes and phenotypes when using standard phagemid and helper phage (M13K07) as well as the four helper plasmid constructs described here (M13cp, M13cp-CT, M13cp-dg3 and M13cp-sg3).](gkl772f1){#fig1}

![Titer of pDAN5-D1.3 phagemid produced by different packaging bacteria after transformation. Bacteria containing the different helper plasmids were transfected with pDAN5-D1.3 phagemid DNA, plated on ampicillin chloramphenicol plates, single colonies picked and grown overnight. The titers for each packaging cell line is shown in figures above the error bar.](gkl772f2){#fig2}

![(**A**) DH5αFT bacteria containing each of the helper plasmids were infected with a genetically homogenous preparation of D1.3 phagemid (previously prepared using M13cp) and the titers obtained are expressed as the mean percentage of the titers obtained using DH5αFT. Error bars indicate the range of results obtained in three independent experiments. (**B**) Titer of pDAN5-D1.3 phagemid produced by different packaging bacteria after infection. Genetically homogenous pDAN5-D1.3 phagemid particles (previously prepared using M13cp) were infected into bacteria and plated onto ampicillin chloramphenicol plates. A single colony was picked, allowed to grow overnight and the titers determined. The results shown here are from a single experiment.](gkl772f3){#fig3}

![(**A**) Phage ELISA signals obtained with phagemid particles from three different scFvs (D1.3, recognizing lysozyme; anti-ubiquitin; and F10, recognizing the Y. pestis f1 antigen) prepared using each of the different helper plasmids or M13K07. M13K07 alone indicates the use of helper phage without rescued phagemid, as a negative control. An anti-M13 phage monoclonal labeled with horseradish peroxidase (Pharmacia) was used as the secondary antibody. The results shown are representative of typical experiments which have been repeated on separate occasions at least three times. (**B**) Correlation of phage ELISA signals with phagemid particle numbers. D1.3 phagemid particles, recognizing lysozyme, were prepared using each of the different packaging cells, as well as with M13K07 under standard protocols. After the titers of the different phagemid particles were determined, samples of equal titer were prepared and ELISA signals determined for a dilution series as shown in the figure.](gkl772f4){#fig4}

![Western blots of pDAN5-D1.3 phagemid packaged using M13K07 and the different helper plasmids. (**A**) The blot was probed with SV5 which recognizes the tag between g3p and D1.3. The lane showing M13K07 alone was taken from a different position in the same gel. (**B**) An anti-g3p monoclonal (New England Biolabs) which recognizes a linear epitope in the C-terminal domain of g3p, was used.](gkl772f5){#fig5}

###### 

Different published helper phages

  Helper phage name   Mutation/mechanism                                           [a](#tf1-1){ref-type="table-fn"}Helper phage titers/ml   Display levels   [a](#tf1-1){ref-type="table-fn"},[b](#tf1-2){ref-type="table-fn"}Rescued phagemid titers/ml   Use in display          Helper phage propagation                     Reference
  ------------------- ------------------------------------------------------------ -------------------------------------------------------- ---------------- --------------------------------------------------------------------------------------------- ----------------------- -------------------------------------------- -----------
  M13K07                                                                           10^11^[c](#tf1-3){ref-type="table-fn"}                   Low              2 × 10^10−12^                                                                                 Standard infection      Growth                                       \(67\)
  KM13                Trypsin site in g3p, elution with trypsin                    10^11^                                                   Low              2 × 10^10−12^                                                                                 Standard infection      Growth                                       \(38\)
                      g3 deletion                                                  10^5−6^                                                  High             ∼10^10^                                                                                       Standard infection      g3 plasmid expression under lac promoter     ([@b68])
  M13MDD3.2           g3 deletion                                                  2 × 10^9^                                                NT               10^9^                                                                                         Standard infection      g3p plasmid expression                       ([@b33])
  R408d3              g3 deletion[d](#tf1-4){ref-type="table-fn"}                  10^10^                                                   NT               NT                                                                                            Standard infection      g3p plasmid expression under pspA promoter   ([@b27])
  Hyperphage          g3 deletion (8-406)                                          10^9^                                                    High             10^9−10^                                                                                      Standard infection      g3p integrated into *E.coli* genome          ([@b35])
  CT helper phage     g3 N1 & N2 domains deleted[e](#tf1-5){ref-type="table-fn"}   3 × 10^11^                                               Low              10^11^ total 5 × 10^8^ infective                                                              Standard infection      g3p plasmid expression                       ([@b37])
  Ex-phage            Amber stop codon 5′ g3                                       10^12−13^[f](#tf1-6){ref-type="table-fn"}                High             10^10−11^                                                                                     Non-suppressor strain   Suppressor strain                            ([@b36])
  Phaberge            Amber stop codon 3′ g3                                       10^11^                                                   High             10^9−10^                                                                                      Non-suppressor strain   Suppressor strain                            ([@b34])

The mechanisms of action, as well as the reported titers of both packaged phage and helper phage are given. NT-not tested.

^a^Titers are unconcentrated supernatant titers---i.e. not PEG precipitated.

^b^Refers to the number of infectious phagemid particles, independent of whether they carry antibody or no.

^c^Data from our laboratory.

^d^Some reversion due to packaging of plasmid expressing p3 observed-probably also occurs in other plasmid expression systems, but not examined.

^e^Rescued phagemid are two populations, displaying and infective, non-displaying and non-infective.

^f^Standard M13K07 titers obtained in this laboratory tend to be 10--100-fold higher than obtained elsewhere.

###### 

The properties, and potential uses, of the different helper plasmids created here are indicated

  Helper plasmid   Form g3p      Phage production titer   Infectability of bacteria bearing plasmid   Notes                                                                               Potential use
  ---------------- ------------- ------------------------ ------------------------------------------- ----------------------------------------------------------------------------------- ------------------------------------------------------
  M13cp            Full length   Equal M13K07             10% DH5αFT                                  Most similar to phage produced using standard helper phage                          Transfer genetic material. Monovalent phage display.
  M13cp-CT         Truncated     5−20% M13K07             Equal DH5αFT                                Behaves more like g3p deletion. Only phagemid with recombinant g3p are infectious   Multivalent phage display
  M13cp-dg3        Absent        0.1−10% M13K07           Equal DH5αFT                                All phage produced have recombinant g3p                                             Multivalent phage display
